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I. Introduction
Turbulent wall-pressure fluctuations on the exterior surface are the main sources of noise inside high-speed passenger aircraft. Characteristics of these fields, random in space and time, which are required for noise prediction and reduction, can only be obtained from experiments. This is due to the fact that theoretical evaluation of wallturbulence fields is not expected in the near future.
One of the central methodological questions to be solved before making valid experimental measurements of turbulent wall pressure-fluctuation fields is the mounting of transducers on a surface in flow. Experience from experimental research indicates that even a very small (~0.01mm) deviation of the sensitive element of the transducer from the surface leads to noticeable distortion of the measured pressure-fluctuation spectra of the turbulent boundary layer. However, this experience applies only to pressure transducers that can be mounted with their sensitive elements flush with the surface. In recent years transducers with sensitive elements under protective screens are usually used for measurement of turbulent wall pressure fluctuations of gas flows. Such transducers (type Kulite XCS-190-15D) were selected for an extensive program of experimental investigations of wall pressure fluctuations of the turbulent boundary layer on Tu-144LL supersonic flying laboratory.
The external cylindrical part of this transducer, where the sensitive element with a protective screen is placed, has a diameter of ~3.9mm. The sensitive element is recessed and covered with a protective screen forming an air cavity connected with the exterior through small holes in the screen, set in a circle of ~3mm diameter with the center on the transducer axis.
With the available experience it seemed impossible to evaluate how measurements of the pressure fluctuations using the XCS-190-15D transducer installation with its protective screen would deviate from those measured with a flush-mounted transducer. This is the reason tests of transducer XCS-190-15D were performed in the TsAGI wind tunnel T-125 at subsonic (M=0.5, 0.78) and supersonic (M=1.5, 2.0, 2.5) flow velocities before the Tu-144 flight experiments, see Ref. 1 .
The transducer tests obtained pressure-fluctuation measurements on a smooth wall of the wind tunnel test section at different positions of its protective screen: exactly flush-mounted with the wall and with different deviations (h) from this position within ±0.1mm. A negative h denotes transducer recess and positive protrusion.
The T-125 wind-tunnel experiments 1 allowed controlled variations of the protective-screen position of the transducer relative to the flow surface, with direct evaluation of the distortions of the measured turbulent wall pressure fluctuations. Definite recommendations could be made on installation of pressure transducers on the Tu-144LL and on control of their position relative to the measurement surface.
However, when the transducers were installed on the Tu-144LL, it appeared impossible to completely realize the recommendations developed from the wind-tunnel tests. Therefore the experimental data on wall pressure fluctuations of the turbulent boundary layer, obtained on Tu-144LL with the XCS-190-15D transducers were to some degree distorted due to the deviation from flush-mounting of the protective screens. For the transducers set at different points on the Tu-144LL, direct measurements showed significant differences in protective-screen positions relative to the surrounding external surface.
Two urgent tasks became evident: evaluation of the validity of pressure-fluctuation measurements on the Tu-144LL surface and to correct for distortions, if possible, based on the experimental data obtained in the wind tunnel. However, it is difficult to justify direct use of the wind-tunnel results for this purpose, since they have been obtained under conditions different from those realized in flight:
First, the wind-tunnel data correspond to smaller Reynolds numbers, and the effect of this on the recorded pressure-fluctuation distortions due to the transducer installation has not yet been studied.
Second, temperature conditions of pressure transducer operation in wind tunnel and in flight differ substantially. In the T-125 wind tunnel the temperature of the test-section wall is practically independent of operating regime. The temperature on the external aircraft surface changes significantly both with altitude and flight mach number. Difference in heat-expansion coefficients of different materials of the transducer environment (window blank, American Institute of Aeronautics and Astronautics insulating boss and the transducer itself) under flight conditions can lead to changes in the position of the sensitive element relative to the wall.
Third, the acoustic interference in the measurements of the pressure-fluctuation aerodynamic field in the windtunnel test section 1 is significantly different from the acoustic interference on the aircraft surface. The pressure transducer signal due to acoustic excitation depends only weakly (in comparison with the aerodynamic pressurefluctuation effect) on small position changes relative to the flow surface. Therefore the acoustic interference can mask the effect of transducer installation in different ways in the wind tunnel and on the aircraft surface.
The most serious reason preventing the use of the experimental data obtained in T-125 directly for evaluating a validity of pressure-fluctuation measurement results on Tu-144LL, however, is the lack of information from the wind tunnel in the Mach-number range 0.78<M<1.5. This is the main range of Mach numbers of current and advanced high-velocity passenger airplanes.
All the above considerations combined to setting the task and making the experimental investigations of transducer protrusion and recess effects in measurements of turbulent wall-pressure fluctuations directly on the Tu-144LL.
II. Procedure of experimental investigations
Three areas on the starboard side of Tu-144LL were used for the experimental flight research concerning the effect of deviation from transducer flush mounting 2 . Figure 1 indicates the center of the 11th window (WB2 point 2.1) located at a distance of 25.9m from the nose of the aircraft, the center of the 16th window (WB5 point 5.1) at a distance of 33.5m, and the center of the 26th window (WB6 point 6.1) at a distance of 43.2m. Three single transducers of type Kulite XCS-190-15D were used. The position of the protective screen of the transducers' sensitive element relative to the aircraft surface could be varied in the range -0.05 ≤ h ≤ 0.05mm in 0.01mm steps with the device shown in Figure 2 , which is similar to the device used in the T-125 wind-tunnel experiment 1 . During preparations for the flight experiments a repeatability study of the transducer displacement with this device was carried out, see Table 1 . 
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Satisfactory repeatability of limiting transducer protrusion (h=0.05mm) can be noted. However, for recessed transducers, at points 2.1 and 6.1, the real position appeared to be h ≈ -0.06mm rather than the nominal limiting position h=-0.05mm. Furthermore, with repeated transducer displacements to position h=0, a certain shift in the recess direction was observed.
Directly before the flights, measurements were made of the deviation of the protective-screen position relative to the surrounding surfaces for all the pressure transducers. For this purpose a reference point was selected on the butt end of each transducer's insulating boss, and measurements made to other points, see Figure 3 . Five points were located directly on the protective screen of the transducer, four points (including the reference point) on the insulating-boss butt end, and four points on the window blank. The results of these measurements for transducers 2.1, 5.1 and 6.1 relative to point M are summarized in Figure 4 . Analysis of these measurements indicate that the reference position of transducers 2.1, 5.1 and 6.1 relative to the surrounding surfaces directly before the flight experiment cannot be treated as h=0.
The deviations for point 5.1 are particularly large. The leading edge (relative to the flow) of the protective screen of this transducer extends about 0.008mm beyond the insulating boss, which extends an additional about 0.018mm beyond the surface of the window blank. The trailing-edge of this transducer butt end deviates slightly from the surface of the blank. However, directly behind the trailing-edge of the transducer the butt-end surface extends about 0.029mm beyond the insulating boss. The butt end of transducer 5.1 has a downstream inclination since the locations of points K near the leading-edge and J near the trailing-edge differ by 0.031mm. Such significant downstream inclination and deviation of the protective screen of the transducer from the surrounding surface make the experimental data on the studied effect of transducer installation invalid.
American Institute of Aeronautics and Astronautics The leading edge of transducer 2.1 is recessed by 0.030mm relative to the surrounding surfaces while its trailing edge is about level with them. Therefore the protective screen has an inclination similar to that of transducer 5.1, but upstream. Such a configuration of deviations of the protective screen of transducer 2.1 from the surrounding surface, the distortions of the measured pressure fluctuations caused can be expected to be less than those of transducer 5.1.
Among the three transducers used for investigation of the effect of the butt end deviations from the surrounding surfaces, transducer 6.1 has the best installation. First, its butt-end leading edge (point K) exceeds the trailing-edge by only 0.006mm. It is hardly possible that such an inclination of its protective screen can lead to noticeable distortions of the recorded pressure fluctuations. Second, the protective-screen deviation from the butt end surface of the insulating boss is not more than 0.011mm. Moreover, the part of this surface located far upstream from the transducer practically does not deviate from the surface of the window blank. Therefore it seems reasonable to use mainly the measurement results from transducer 6.1 for evaluating the effect of protective-screen deviations relative to the surrounding surfaces on recorded pressure fluctuations.
The flight measurements made on Tu-144LL for this task covered the mach-number range 0.58 to 2.0. Information on measurement conditions is presented in Table 2 , see also Ref. Table 2 . Measurement conditions during Tu-144LL flight test and corresponding wind-tunnel tests
As can be seen in Table 2 Preliminary analysis of the measurement results was carried out in order to solve methodological questions, including evaluation of their validity for the subsequent analysis. In particular, narrow-band spectral analysis of the pressure fluctuations established that variation of the transducer flushness did not lead to the appearance of narrowband or discrete components in the spectra. The variations of transducer position were accompanied by pressurefluctuation intensity variations over broad frequency bands. This allowed the subsequent analysis of pressure fluctuation spectra to be made only in 1/3-octave frequency bands.
Interference from acoustic waves substantially distorts the studied effects of transducer flushness on pressurefluctuation measurements. The acoustic interference masks the real effect of transducer installation, especially in the case when the installation results in reduced pressure-fluctuation intensity.
As an example, Figure 5 shows an almost complete loss of the effect of transducer protrusion and recess in the pressure fluctuation spectra in the vicinity of 31.5Hz, where the acoustic interference is significantly higher than the turbulent boundary layer pressure fluctuations. An analysis of neighboring transducers (not shown) were highly coherent at that frequency, indicating an acoustic disturbance. 
III. Results of experimental investigations
The measured pressure fluctuation spectra from the Tu-144LL experiments are in qualitative agreement with the data obtained in the T-125 wind-tunnel experiments. When the transducer deviates in the direction of negative values (recessed), the recorded pressure fluctuations increase over the whole spectrum with the largest effect in the lowfrequency region (Figure 7) . A substantially smaller effect is observed in the high-frequency region. The minimum variations of the recorded pressure fluctuations are observed in the intermediate frequency region from 0.5 to 2.0kHz. It should be noted here that at positive values of h, the largest effect is observed in the low-frequency region. When the frequency exceeds 100Hz, the distortion of the measured pressure-fluctuation spectrum decreases substantially, achieves minimum values
in the frequency range 0.5 ≤ ≤ f 2.0kHz and then rises smoothly.
The flight-experiment data in Figure 7 relate to M=0.58. However they differ only slightly from those shown in Figure 6 obtained at M=0.9. The essential difference between the two cases below 100Hz is mainly due to acoustic interference from the aircraft power plant.
All the results presented above for were obtained on Tu-144LL from transducer 6.1, which had a reference position closer to flush with the surrounding surfaces than transducer 2.1. Figure 8 illustrates a comparison of ( )
obtained with the use of transducers 6.1 and 2.1 at M=0.58. A difference of up to 1dB between the experimental data obtained with different transducers in the frequency range f<250Hz is clearly seen. At frequencies f>250Hz this difference is negligible. The observed difference can be due not only to different reference positions of these transducers but also to different thickness of the turbulent boundary layer in their installation zones. As seen in Table 2 , the boundary-layer thickness at transducer 6.1 is 1.5 times larger than that at transducer 2.1
.The turbulent boundary layer thickness is still greater (by a factor 10 to 30) at transducer 6.1 on Tu-144LL than that on the T-125 wind-tunnel test section wall, where the effect of transducer deviation from the flush position on the measured fluctuations was investigated. However, the observed distortions of the turbulent wall pressure-fluctuation spectra at identical deviations of the transducers are not more than 2dB (Figure 9 ). The second one is localized at some distance from the wall, in the part of the velocity profile in the boundary layer which can be treated as logarithmic. The determining parameters for the pressure fluctuations generated by the second phenomenon are to be considered dynamic velocity and inertial scale ( ) δ .
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The studied effects of transducer deviations from its flush position on the measured pressure fluctuations relate only to small deviations (less than 0.1mm) from the wall. Therefore it can be assumed that these effects relate mainly to phenomena observed directly at the wall (in the viscous sub-layer), where the viscous scale is characteristic. This assumption can be tested with the use of significant-parameter analysis. This procedure, important for dimensional analysis, can be applied to the experimental data obtained in the wind tunnel and on the aircraft.
The case in point here is a comparison between the experimental data obtained at identical values of viscous scale and different values of inertial scale. to influence the studied effect of distortion of the measured turbulent boundary layer wall pressure fluctuations, the viscous scale will be used below in the analysis of experimental results according to similarity theory.
Dimensional analysis makes it possible to present the distortion value of the measured turbulent boundary layer wall pressure fluctuations as a function of dimensionless parameters:
is the dimensionless (normalized by the viscous scale) transducer deviation relative to the surrounding surface. as a function of Strouhal number is used, with h as parameter, for two mach numbers. Figure 11 presents the wind-tunnel data for M=0.5 (at h = -5.5 and h = -13.1) and in two zones (WB 2 and WB 6) on Tu-144LL at M=0.58 (for h = -11.2 and h = -10.6). and not the inertial scale (boundary layer thickness). This makes it possible to predict the described effect from wind tunnel experiments performed at small values of boundary layer thickness.
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